Abstract This paper explores the effects of droplet size on droplet intrusion and subsequent transport in sub-surface oil spills. In an inverted laboratory set-up, negatively buoyant glass beads were released continuously into a quiescent linearly stratified ambient to simulate buoyant oil droplets in a rising multiphase plume. Settled particles collected from the bottom of the tank exhibited a radial Gaussian distribution, consistent with their having been vertically well mixed in the intrusion layer, and a spatial variance that increased monotonically with decreasing particle size. A new typology was proposed to describe plume structure based on the normalized particle slip velocity U N = u s /(B N ) 1/4 , where u s is the particle slip velocity, B is the plume's kinematic buoyancy flux, and N is the ambient stratification frequency. For U N ≤ 1.4 particles detrain from the plume, but only those with smaller slip velocity (U N ≤ 0.3) intrude. An analytical model assuming well-mixed particle distributions within the intrusion layer was derived to predict the standard deviation of the particle distribution,
Introduction
Our continued reliance on offshore oil mandates that we improve our ability to predict the impact of accidental oil spills. Sources of spilled oil include damaged pipelines, sunken tankers and, most critically, sub-surface oil well blowouts.
Oil released from the sea-floor, often in combination with natural gas, forms an ascending multiphase plume. Such plumes are buoyant flows where the source of buoyancy is of a different phase or phases than the ambient fluid. Geophysical examples include volcanic eruptions [8, 21] and hydrothermal plumes [18, 21] , while engineered examples include buoyant bubble plumes used for reservoir aeration or destratification [16, 26] , negatively buoyant two-phase plumes encountered when sediments are released to marine waters during dredging or land reclamation operations [12] , and three-(or more) phase buoyant plumes that arise during deepwater oil blowouts [14, 25, 28] . We note that while the dispersed phase can consist of bubbles, droplets or particles, we may use the term particle to refer to all three.
Our work was motivated, in part, by a desire to understand the fate of fine oil droplets resulting from the use of chemical dispersants on deep ocean blowouts. Dispersants lower the interfacial tension between oil and water, allowing smaller droplets to be formed. While significant research has been conducted on the effectiveness of dispersants applied to surface oil [20] , attention has only recently been paid to quantifying droplet sizes when using chemical dispersants on deep ocean blowouts [2, 15, 29] . Because they are much smaller, dispersed oil droplets could have very slow slip velocities relative to larger non-dispersed droplets and gas bubbles [30] . As such, they take longer to rise to the surface, resulting in a more spatially dispersed signature. Our work aims to quantify the difference in droplet transport as a function of droplet diameter, and hence to provide one metric of dispersant effectiveness.
Background

Plume peeling and trapping
In a uniform and quiescent environment, a multiphase plume, stemming from a point source, is similar to a single phase plume that might result from the discharge of treated wastewater effluent, or heated condenser cooling water from a power plant, into coastal receiving water. However, as depicted in Fig. 1 , both ambient currents and density stratification can cause the dispersed phase to separate from the continuous phase [22] .
In a flowing environment, the bubbles or droplets separate from the entrained fluid at a height h s described by Socolofsky and Adams [22] . By contrast, in a stratified environment multiphase plumes exhibit a phenomenon known as detrainment or peeling (Fig. 1) . As an example, for a buoyant droplet plume this occurs because the droplets remain positively buoyant, while the density of the rising plume water is negatively buoyant, relative to its surroundings, and becomes more so as the plume continues to rise and encounters less dense ambient water. Eventually, the aggregate density reaches and overshoots its level of neutral buoyancy, and at a height h P much of the plume fluid 'peels' forming an intrusion at a Left In an ambient current, entrained plume fluid is transported horizontally while bubbles or droplets rise more vertically out of the rear of a plume, with the larger, more rapidly rising, bubbles or droplets separating first and being transported more directly. Right In ambient stratification, entrained plume fluid and smaller bubbles and droplets detrain and are transported horizontally at one or more elevations of neutral buoyancy while larger bubbles or droplets stay within the plume and rise vertically. Adapted from [22] trap level h T (level of neutral buoyancy). When there is both ambient stratification and an ambient current, the plume can be characterized as crossflow dominated if h S <∼ h P , and stratification dominated otherwise [25] . For conditions during the Deepwater Horizon (DWH) incident, this translates to crossflow domination if U a >∼ 0.09 to 0.16 m/s, suggesting that most of the time the plume was stratification dominated. Here we consider the limiting case of U a = 0. We emphasize that our results apply strictly to this limiting case, and that further research is needed to explore the effects of ambient currents of all magnitudes.
The nature of the peeling depends on the dispersed phase. In a quiescent environment, Asaeda and Imberger [1] classified plumes as exhibiting three distinct behaviors, or types. Type 1 plumes have no intermediate intrusion layers, except when they impinge on a surface. Type 2 plumes have one or more distinct intrusions, and Type 3 plumes show continuous peeling from the plume core, resulting in a random set of intrusions.
Experiments by Socolofsky and Adams [23, 24] defined a new type, Type 1*, somewhat different from Type 2, in which droplets are detrained with the liquid, at least temporarily. They introduced the non-dimensional slip velocity U N to relate the observed plume type with plume source and ambient conditions. U N is defined by:
where u s is the slip velocity of the dispersed phase particles (or droplets or bubbles), B is the initial kinematic buoyancy flux,
where Q is the volumetric flow rate of particles, ρ b and ρ 0 are the densities of the particles and the ambient water, and N is the stratification frequency of the ambient
where g is gravity. The denominator of U N , (B N ) 1/4 , is a characteristic plume fluid velocity. Socolofsky and Adams [23, 24] found Type 1* plume behavior for U N < 1.4, Type 2 behavior for 1.4 < U N < 2.4, and Type 3 behavior for U N > 2.4. The current work covers U N ranging from 0.07 to 1.5, thus emphasizing mostly Type 1* plumes. Experimental results suggest that the slowest rising droplets (smallest U N ) follow the water into, and eventually rise out of, the intrusion. The loss of droplets (with their buoyancy) from the intrusion can be shown to cause a modest decrease in the intrusion elevation (order 20 %). Somewhat larger droplets detrain from the plume but never enter the intrusion. Based on these observations, the above classification scheme can be expanded to provide a more complete description of the plume structure, as will be discussed below.
Socolofsky and Adams [23, 24] correlated experimentally observed multiphase plume properties with B, N and u s . Equations (4) and (5) below are two empirical relations used in subsequent analysis to describe the normalized trap height, h T , and the intrusion flow, Q i , identified in Fig. 1 :
2.2 Particle spread within the intrusion layer Particles (or droplets) within an intrusion layer are advected radially outward due to the intrusion flow and vertically downward (or upward) due to their buoyancy. We assume the intrusion flow is axisymmetric and non-entraining, and confined to a layer of constant thickness h. The assumption of a constant thickness is consistent with the plume being driven by a balance between buoyancy and viscosity [16] . It is also supported by the fact that the intrusion flow is generated by distinct eddies that have slightly different densities, hence trap elevations, as the result of slightly different dilution experience during their detrainment/intrusion process. Such distinct sub-intrusions can be seen in Fig. 3a of [24] . Finally, vertical profiles of dissolved oxygen anomaly collected during the DWH accident [27] showed some variability in space and time, but we could not identify any consistent trend with distance from the wellhead. Nor was any trend reported in [9] . Assuming that the particles are introduced with concentration C 0 at r = 0, and remain vertically well-mixed within the intrusion, their concentration in the intrusion C as a function of travel time t is given by
or:
Time can be translated into radial distance by
where
Q i is obtained from Eq (5) thus giving:
One test to see if a distribution is Gaussian is based on the 4th spatial moment, or kurtosis,
where the i th -moment μ i of a radial concentration distribution is
The excess kurtosis of a radial distribution is
( 1 4 ) and should equal zero if the distribution is Gaussian.
Experimental setup
Tank and particles
Experiments were conducted in a 2.4 m tall by 1.2 m × 1.2 m square glass-walled tank. The tank was linearly stratified using the two-tank method [13] , and density profiles were computed from measured temperature and salinity using an equation of state [17] . The current work used a range of U N between 0.07 and 1.5 in order to focus on Type 1* plumes. For our particles we chose Ballotini impact glass beads (Potters Industries, Malvern, PA, USA), which are used industrially for finishing metal surfaces. Eight size classes provided by the vendor were used, including A, B, C, D, AD, AE, AG and AH. The density of the particles is 2,450 kg/m 3 and diameters of the eight sizes are provided in Table 1 . Slip velocities were determined as a function of density and diameter using [7] . In most runs the mass of released sediments was 1 kg, while the run with size A particles used 0.75 kg. While most experiments were conducted with a single bead size, others were conducted with a 50-50 split, by weight, of two different sizes.
Release mechanism
Beads were released from a 1 L glass bottle by gravity. A 12 V vibrator powered by a 3 V DC transformer was placed at the top of the bottle to facilitate steady bead flow, and the beads were delivered to the top of the tank through a funnel connected to a 2.5 cm pipe. In order to deliver a steady flow of glass beads, a small quantity of water was added from a 20 L (5.3 gal) carboy, modified to become a large Mariotte siphon [11] . The particles were added in line to the flow just prior to the point where the combined flow entered the tank. The water was drawn from the same source as the surface water in the tank; hence its temperature and density did not alter the plume buoyancy. Air bubbles that might have entered the line were minimized by keeping the conduit running full, and placing a small sponge near the entry funnel to trap small gas bubbles. The sponge also served to reduce the momentum of the discharging fluid entering the experimental tank. Figure 2 shows a sketch of the experimental set-up. The mass flow of the glass beads was determined by computing the measured mass loss over the release duration, and converted via the particle density to a volumetric flow rate. The flow rates are presented in Table 1 . Additional details on experimental set-up and procedures can be found in [4] .
Distribution of settled particles
The radial distribution of the sediment leaving the intrusion was measured by collecting the particles from beneath the peel event, in an array of 9 ice cube trays, each containing 14 bins measuring 3.5 cm by 6.0 cm by 3.0 cm deep. The trays were arranged in a diagonal cross, centered in the tank, and attached to a rigid plate which could be raised and lowered by pulley in the tank. A sample radial spread is shown in Fig. 3 . The sediment trays were located at a depth H = 1.9 m below the plume source, but previous experiments [5] suggested that the distribution pattern was independent of the tray depth (i.e., the beads fell vertically after leaving the intrusion). Collected samples were dried by heat lamps and fans, and particles from individual cells with assigned coordinates were weighed.
For the experiments with two different bead sizes, sieves were used to separate particles of different size classes before weighing. A 100μm sieve was used for experiments with particle sizes B & D, while a 300 μm sieve was used for experiments with particle size B & AG and size D & AG. 
Results
Initial conditions
The initial conditions of the experiments conducted with a single bead size are listed in Table 1 , including the particle size, slip velocity, and release duration for each experiment. The flow rate Q, buoyancy flux B and stratification frequency N are also calculated to determine the non-dimensional slip velocity U N for each experiment. Parameters were chosen such that the trap depth (Eq. 4) was approximately 0.8-1.2 m out of a total tank depth (below the source release point) of about 1.9 m. A total of twelve experiments including eight different bead sizes were conducted. Experiments with particle size B and AG were performed three times to demonstrate the repeatability of the experiments. 
Radial spreading
After all the cells were weighed, a radial Gaussian distribution was fit to the data by identifying the distribution center and standard deviation σ r ( Table 1 ) that minimized the least squares difference between the distribution and the data. When multiple tests were made with the same particle size, the average σ r was computed and the average value divided by the depth H is reported in Table 1 . As a check that the distributions were Gaussian, the kurtosis of each experimental distribution was calculated. In general, a radial Gaussian distribution is characterized by an excess kurtosis K 4 of zero. Table 1 shows the excess kurtosis of the distributions for each trial. Values range from −0.36 to 0.20, which are close to zero when accounting for experimental errors and variations. This validates visual observations that the radial distribution of the particles is close to Gaussian.
Observations and proposed addition to plume classification
To further understand the relationship between plume spread and particle size, the relationship between the normalized standard deviation σ r /H and U N is plotted (Fig. 4) , showing that σ/H decreases smoothly as U N increases.
The smooth change in spreading with U N is consistent with visual observation of a continuous trend in intrusion behavior with U N . In particular, while all Type 1* plumes showed particles detraining from the plume, not all particles followed the liquid phase into the intrusion. For larger values of U N , particles temporarily followed the detraining fluids into the intrusion layer but eventually returned to the core plume, while for smaller values of U N , particles detrained and entered the intrusion. We have identified the former plumes as Type 1b* and the latter as Type 1a*. Our results imply that Type 1a* plume behavior occurs for U N < 0.3 ± 0.1, based on visual observations such as that shown in Fig. 5 , suggesting that plumes with particle size D (U N = 0.4) exhibited Type 1b* plume structure with no particle trapping, while particle size AD (U N = 0.2) demonstrated Type 1a* plume structure with particle trapping. To complete the typology, experimental observations from [23] are included, Comparison of experimental and theoretical particle spread. Crosses denote current experiments with a single particle size, and the open symbols represent current experiments with two particles sizes. The solid circle represents experiments from Chow [5] only for Type 1a* plumes (i.e., plumes in which the particles were transported within the intrusion layer. The figure also includes two data points from Chow [5] , which involved experiments with a single size release using particles AE and AH. Also plotted in the figure are data from current experiments in which particles of two different sizes were released simultaneously into the water tank. The goal of these runs was to study if interaction between two particle sizes within a multiphase plume affects the radial particle spread. This has relevance to multiphase plumes involving two or more sizes of oil droplets (e.g., resulting from oil that is partially dispersed) or oil droplets and gas bubbles. Five experiments were conducted in which three conditions were included. One condition was repeated three times to verify the repeatability of this experiment.
The first condition included three tests including Type 1a* (Size AG) and Type 1b* (Size B) particles. Standard errors of the experimentally determined σ r were calculated and compared to the difference between the averages of single size releases and two size releases. It was concluded that the interaction between two particles with different sizes had minimal impact on the radial spread of the particles: there was a slight reduction in spreading of the larger particles, while the smaller particles maintained their original spread. These results suggest that, for a practical situation, particles behave individually, and that a single particle size can be isolated from a range of sizes for purposes of studying radial spreading. Of course one would expect that above some particle concentration, particleparticle interactions should become important.
Application to real scenarios
To understand the relationship between the experimental results and real world scenarios, the current theory was applied using data acquired from two previous settings, including the 'Deep Spill' field experiment conducted in 2000 [14] and the DWH oil spill in 2010. From the preceding discussion, under quiescent conditions, the spread of droplets σ r resulting from a positively buoyant plume can be computed as a function of plume buoyancy flux B, stratification frequency N and droplet slip velocity u s . Data for B, N, and oil density were obtained from Table 2 of [25] .
The slip velocities of the droplets were calculated using relationships presented in Zheng and Yapa [30] , based on studies cited by Clift et al. [6] , and pertaining to small spherical droplets (diameters generally less than about 1 mm), intermediate size elliptical droplets (diameters up to about 15 mm), and larger spherical cap droplets (diameters above about 15 mm). For a given droplet density, the relationship between σ r and U N can be plotted (Fig. 8) Fig. 8 ). Finally, for U N > 1.4, the spread of the dispersed phase within a plume was determined using Socolofsky and Adams [24] , who plotted the ratio, λ, of the bubble core width, to the plume width σ p , from various experimental studies of bubble plumes, and found
The particle spread σ r can be approximated by the droplet spread at the plume trap height h T giving:
where ε is the plume spreading angle. Assuming a value of U N = 2 in the expression for trap height h T (Eq. 4), the characteristic spread of particles or droplets σ r can be described approximately as:
Setting ε = 0.17 and 0.16 for the DWH and 'Deep Spill' scenarios, respectively, the solid lines in the region U N > 1.4 are obtained. Thus we can achieve a full relationship between σ r and U N for all three plume types, 1a*, 1b* and 2, as shown in Fig. 8 . Figure 9 presents the same information by replacing U N by droplet diameter on the horizontal axis.
From these figures it is observed that σ r remains relatively constant for Type 1b* and Type 2 plumes (U N > 0.3), while σ r increases rapidly as U N becomes smaller for Type 1a* plumes (U N ≤ 0.3). This suggests that smaller droplets will be more widely distributed within the water column and in the slick when they rise to the surface. Applying chemical dispersants to the spill is one way to reduce droplet diameter. Droplet sizes reported for undispersed oil released at the Deep Spill field experiment ranged between about 1,000 and 10,000 μm [14] . These sizes are consistent with the semiempirical model presented by Johansen et al. [15] which describes droplet sizes for dispersed and undispersed oil as a function of Weber and Viscosity numbers. That model has been calibrated to measured droplet sizes in a companion study by Brandvik et al. [3] . These studies also suggest that dispersants can reduce the characteristic droplet size by a factor of about 10 to an approximate range of 100 to 1,000 μm. The corresponding values of σ r,0 , and σ r,new can be determined from Fig. 9 . The Johansen et al. model [15] predicts similar undispersed droplet sizes as for Deep Spill, and applying the same factor of ten reduction in size due to dispersants, corresponding values of σ r,0 ,and σ r,new (standard deviations with and without dispersants) can be computed. Results for the droplet spreading distance for both scenarios are presented in Table 2 .
From Table 2 it was found that the maximum droplet spreading distance for both scenarios with dispersants is approximately 8 times the original spreading distance without dispersants. Because the area of a slick scales as the (linear) spread squared, the surface signature could be increased by about 60 fold. The dispersed droplets reaching the surface will be subjected to further dispersion due to energy input from wind and breaking waves, and it is likely that surfacing oil, already treated with dispersants at the blowout, will be more easily dispersed, and stay dispersed below the water surface longer, than non-treated oil [10] .
Of course, this simple analysis pertains to quiescent conditions. In a real ocean, horizontal advection and hydrodynamic dispersion come into play. Because small droplets take longer to rise, they will be more influenced by ambient currents and the differences between small and large droplets may be magnified further. Such differences can be assessed by coupling the present analysis with 3-D transport models such as North et al. [19] .
Conclusions and future work
Experiments in quiescent stratification, using glass beads to represent oil droplets, suggest that small oil droplets will enter the intrusion formed by the interaction of the buoyant plume and the stratified ambient. The tendency for intrusion depends on droplet size, and a new typology has been proposed to describe plume structure, and the tendency for droplet intrusion, based on the normalized particle slip velocity U N = u s /(B N ) 1/4 . For U N ≤ 1.4 particles detrain from the plume, but only those with smaller slip velocity (U N ≤ 0.3) intrude. Particles that settled out of the intrusion were distributed in a radially Gaussian distribution, consistent with their having been well-mixed within the intrusion, and an analytical model of droplet transport within a well-mixed intrusion accurately predicted the particle spread based on the plume's kinematic buoyancy flux B, stratification frequency N , and particle slip velocity u s . Furthermore, experiments with beads of multiple sizes suggested that the interaction between two particle groups had minimal effects on their respective radial spreading.
Chemical dispersants have been used to reduce oil droplet size, and this study confirms previous conclusions that their use during the DWH oil spill likely resulted in an increase in the surface area over which the rising oil was spread by a factor of ten or more, implying that the sub-surface application of dispersants was "effective". Because of their smaller size, dispersed droplets provide more surface area for dissolution and bio-degradation within the water column, but it is beyond the scope of this study to suggest if such processes provide a net environmental benefit.
While a relationship was established between radial particle spread and particle size, further work would be useful in exploring the interaction among dispersed phases with different densities, such as gas bubbles and oil droplets. It would also be useful to have a better understanding of the effects of ambient currents, both as they affect the interaction of droplets with intrusions, but also as they affect the subsequent transport of droplets after they leave the intrusion.
